diseases was only observed when both genetic and environmental factors coparticipate in the same pathogenetic mechanism, either the genotype alone nor the exposure alone causes excess risk (i.e., R g = R e = 1). In type 2 interaction, environmental exposure increases risk in individual without the corresponding genotype. In type 3 interaction, the genotype (R g > 1) is associated with increased disease risk, whereas the exposure alone is not. In type 4 interaction, both the genotype and the environmental exposure are each associated with excess risk of disease (R g > 1, R e > 1). Type 5 and 6 interaction occur when there is a reversal of the genotype=s effect, depending on the presence or absence of the environment. In this case, the genotype is protective in the absence of the environment (R g < 1), but is deleterious in the presence of the environment (R ge > 1). Ottman (31) also proposed a similar model of studying gene-environment interaction in etiology of disease. This is a simplified gene-environment interaction model, the effects of gene-environment interaction on the measured phenotype are further complicated by the number of genetic loci involved and multiple environmental exposure factors, the moderation of the genetic effects, the dose of the environmental exposure, and the presence of etiologic heterogeneity (24, 31) .
Most studies have evaluated geneenvironment interaction in terms of the departure from those predicted by the multiplicative model (33) (34) . Some investigators have suggested that many biologically plausible modes of gene-environment interaction involve extreme departures from multiplicative effects (35) . For example, neither phenylalanine hydroxylase deficiency alone nor exposure to phenylalanine in the diet cause phenylketonuria (PKU); both must be present for PKU to develop (24) .
The gene-environment interaction may also be evaluated in terms of the departure from those predicted by the additive model.
III. Gene-Environment Interaction in Traditional Epidemiologic Studies

A. Strategies
The main emphasis of gene-environment interaction studies is not to localize the disease susceptibility genes or to find the inheritance patterns of the diseases, but rather to better understand the etiology and pathogenesis of the diseases through quantitative assessment of diseases risks in various populations (24, (31) (32) (36) (37) .
Two types of genetic markers are used in gene-environment interaction studies: markers based on direct analysis of the DNA, and markers based on gene products such as specific blood groups, HLA antigens, serum proteins, and enzyme systems. When genetic markers are not available, family history data are sometimes used as a rough indicator of genetic susceptibility, though there is a potential for significant misclassification in using family history data in genetic epidemiologic studies (38) (39) .
With rapid advances and progress in molecular genetic technology and human genome project, the number of genetic markers and polymorphisms for all genes in human available for research will increase rapidly in the near future. The studies of gene-environment interactions are most meaningful when applied to functionally significant variations in candidate genes which have a clear biological relation to or suspected of playing some role in the pathogenesis of disease (40) (41) .
B. Study design
If one views the gene-environment interaction as the genetic control of sensitivity to the environmental exposure, and genetic factors are regarded as one of the host characteristics, then gene-environment interaction can be analyzed through the use of the traditional epidemiologic study design: cohort, cross-sectional, and case-control studies.
When a relatively high number of polymorphic markers are located close to candidate gene loci, the casecontrol approach is a popular and effective means by which to study differences in genetic susceptibility and geneenvironment interaction (24, 33) . In a case-control design, the genetic markers and relevant environmental risk factors are each examined as independent predictors of disease and as interacting factors with the environmental exposures.
The odds ratio of gene-environment interaction (R ge ) can be calculated as shown in Table 1 . Examples of recent casecontrol studies include a study of interaction effects between maternal cigarette smoking and a transforming growth factor alpha (TGFA) polymorphism and the risk of oral clefts (42) . The odds ratios for the exposure to smoking alone, or the TGFA genotype alone are close to unity, whereas the combined odds ratio for smoking and the genotype is 5.5 (95% C.I. 2.1-14.6), indicating evidence of gene-environment interaction for risk of oral clefts in offspring (42) .
In a cohort study design, the environmental exposures and genetic risk factors are measured for all subjects at the start of follow-up (baseline) and possibly during follow-up. Despite of some major strengths of cohort study design (disease occurs or is detected after subjects are selected, and minimized selection bias), few cohort studies used genetic markers to test for effects of gene-environment interaction in disease etiology. It is partly due to the fact that the rapid development of molecular techniques are only seen recently and the main stream of genetic analysis are to find the disease susceptibility genes. With the advances in molecular techniques and the findings of more candidate genes, one would expect to see increasing number of cohort studies to examine gene-environment interaction.
In cross-sectional design, the investigators randomly sample a set of individuals from a study population through a single ascertainment of disease prevalence. Individuals with different genetic and environment risk characteristics are compared with respect to the prevalence of the condition, and gene-environment interaction can also be tested (24) . An example is the cross-sectional WHO-cardiac study of gene-environment in hypertension, stroke and atherosclerosis (43) . Although cross-sectional designs are less time-consuming and able to examine many exposures and disease in the same study, the limitation of cross-sectional design for making causal inferences made its design less popular in the study of gene-environment interaction.
A number of case-control studies are including a familial component, for example, a family history of the disease studied. The designs and some problems of the case-control studies incorporating family history are discussed in the epidemiologic literature (1, 34, 44) . The study of familial aggregation in case-control studies can be extended by incorporating environmental covariates and their interaction with family history (45) .
C. Choice of Controls: Population vs Families
In assessing gene-environment interaction, investigators can select control subjects either from the general population or from families, depending on the purpose of the study. If the investigators are assessing the prevalence of disease susceptibility genotypes in the general population and examining the interactions of those genotypes with environmental exposures for the risk of a disease concerned, investigators should use a population-based study design to choose control subjects.
Investigators assessing familial aggregation of a disease, evaluating whether such aggregation is caused by the presence of gene-environment interaction, should select control subjects from family-based study designs.
Because the purpose of the study is not to make inferences to the general population, but to examine the familial aggregation of a disease. The family members are the only appropriate control subjects which will provide relevant information for the purpose of study (1) .
D. Methodologic Issues in assessing gene-environment interaction
Mis-specification
In the presence of gene-environment interaction, quantifying the main effects of environmental factor alone or genetic factor alone can lead to mis-specification of the study model, and may miss important clues to the etiology of disease (46) .
Errors of environmental exposure measurement
Precise measurement of an individual=s exposure to environmental risk factors are shown to be difficulty because of the individual=s ignorance of previous opportunity for exposure, the complex pattern of most long-term exposures, the lack of good biological indicators of exposure levels, and the lack of sufficient sources to collect individual exposure data on large populations (45) . In the study of gene-environment interaction, the consequences of environmental exposure mismeasurement can lead to bias in the estimation of interaction effects and possible loss of precision and power with which interaction effects are estimated (24) . Nondifferential misclasification is usually biased toward the null value, and differential misclassification may produce biased results in either direction. In addition to the errors of environmental exposure measurement, the timing of exposure during a developmentally important window is also important in examining gene-environment interaction. For example, the timing of the exposure to environmental exposure during the pregnancy and the development of a birth defect for a genetically susceptible fetus.
Genotype misclassification
When measuring individuals= genotypes at the DNA level, misclassification can occur because of linkage disequilibrium (24, 47) . Until a comprehensive catalog of common variants of all genes is developed, investigators must rely on genetic markers in the region of the candidate genes or in a nonexpressed portion of the genes in order to conduct many DNA marker-disease association studies. Under these circumstances, the observed differences in prevalence of a marker allele between case and comparison groups could be a result of linkage disequilibrium unless the actual sites of a deleterious variation involved in the disease are targeted (24, (48) (49) . Under linkage disequilibrium, Nondifferential misclassification can occur, and this misclassification may bias estimates of relative risk toward the null (i.e. OR = 1). Individual genotypes can also be measured by indirect methods. For example, some investigators used dapsone loading followed by urinary measurements of different metabolites to classify subjects as slow or fast acetylators in a case-control study of bladder cancer (50) (51) . Such indirect measures can lead to misclassification of the underlying genotypes of individuals. This type of misclassification is often independent and nondifferential. However, the argument that independent and nondifferential measurement errors produced bias only toward the null may not apply to assessments of gene-environment interaction. As with all types of interactions, independent and nondifferential misclassification may bias interaction estimates in any direction (12) . Occasionally, genotype misclassification may be differential if the measurement method is affected by disease status itself or if a near-by gene is associated with the disease; such differential misclassification will further complicate the assessment of gene-environment interaction (1).
Confounding
Confounding is a major problem in evaluating gene-environment interaction. It can involve population subgroups with different genetic markers and disease frequencies. Unmeasured genetic determinants and environmental exposures can each act as confounders that could produce spurious associations. Race or ethnicity is an important source of confounding in studies of gene-environment interaction (52) . One example is the reported association between the genetic marker Gm3;5;13;14 and non-insulin-dependent diabetes mellitus among the Pima Indians (53). In a cross-sectional study of this association, individuals with the genetic marker Gm3;5;13;14 were found to have a higher prevalence ratio of the disease than those without the marker (29% vs.8%). This marker, however, turned out to be an index of white admixture. When the subjects of the analysis were stratified by degree of admixture, the higher prevalence of diabetes associated with the marker disappeared.
Confounding of interaction and dose-response
In traditional epidemiologic studies, dose-response relations refer to the changes in risk produced by changes in a single exposure, and interaction refers to changes in risk produced by two or more exposures. Dose-response relations and interaction may tend to confound one another (54) . In assessments of the effect of gene-environment interaction on disease risk, the risk in disease associated with a certain genotype may vary depending on the environmental exposure, or the risk may be restricted to exposed persons only. Similarly, the effects of environmental exposures may vary depending on the genotype of the exposed person (25) . For example, people who are slow acetylators of N-acetyltransferase 2 (NAT2) have an increased risk for bladder cancer, and the risk for bladder cancer associated with smoking may vary by NAT2 status (55) . For slow acetylators of NAT2, current smoking and smoking in the distant past increased breast cancer risk in a dose-dependent manner. Those in the highest quartile (heavy smokers in the study) of cigarettes smoked 2 years previously were 4.4 (95% CI, 1.3-14.8) times more likely to develop breast cancer than those who never smoked (56) . Failure to adequately model dose-response relations can lead to bias in gene-environment interaction estimates.
Sample size requirements for measuring gene-environment interaction
In an epidemiologic study of a given sample size, the power to detect statistical interactions is less than the power to detect main effects, and the variance of the interaction estimate will also be greater than the variance of the main effects estimate under a no-interaction model (7, (57) (58) . Several investigators examined the sample size and power calculation needed to detect gene-environment interaction in case-control studies (59) (60) (61) . The data needed to calculate the sample size required to detect gene-environment interaction can be shown by a 2-by-4 table as is done in Table 3 . This table lists six parameters: 1) The odds ratio of interaction (R ge ); 2) The odds ratio of having the disease among exposed individuals without the susceptible genotype relative to those with neither the susceptibility genotype nor exposure (R e ); 3) the odds ratio of having the disease among people with susceptible genotype but without environmental exposure relative to those with neither the susceptibility genotype nor exposure (R g ); 4) the prevalence of exposure in the population (e); 5) the prevalence of the genotype in the population (g); 6) the case/control ratio (59-60). The results of several studies have suggested that when the frequency of exposure is not extremely low or high, and the susceptible genotype is common, a modest sample size will be adequate to detect gene-environment interaction. For example, when the frequency of exposure and the prevalence of the genotype both range between 30%
to 70%, about 200 case subjects and 400 control subjects (for case/control ratio 1:2) should be adequate to detect an odds ratio of gene-environment interaction (R ge ) greater than 4 with 80% statistical power (60) . However, the susceptible genotypes for many common diseases are relatively rare, with prevalence ranging from 1 to 5%, and both the genotype alone (R g ) and exposure alone (R e ) have moderate effects on risk for disease. For example, the frequency of the BRCA1 185delAG among Ashkenazi Jews (62) is about 1%, and the odds ratios for BRCA1 (R g ) is about 2 (38, 63); therefore, a relatively large number of case and control subjects are needed to detect gene-environment interaction (usually more than 1,000 cases) (60) . With such diseases, alternative approaches to detecting geneenvironment interaction may be needed. These approaches include 2-tier sampling strategies (64-65), family or sibling-based designs (61), and case-only designs (66) .
IV Gene-environment Interaction in Nontraditional Epidemiologic Studies
Concerns about selecting appropriate control subjects for case-control studies have led to the development of several nontraditional approaches in the study of genetic factors in disease (1, 34) . These approaches involve the use of an internal control group rather than an external one. We will review three of these nontraditional approaches in detecting gene-environment interaction: 1) the case-only study, 2) the case-parental control study, and 3) the affected relative-pair study. Except for the case-only design, these nontraditional approaches were not developed with the intention of evaluating gene-environment interaction. Table 4 summarizes the features of these studies, including their assumptions, strengths, and limitations. We also briefly review use of the twin study to evaluate geneenvironment interaction.
A. Case-only studies
The case-only design has been promoted as an efficient and valid approach to screening for geneenvironment interaction under the assumption of independence between exposure and genotype in the population (67) (68) . If one=s primary interest is in assessing possible interaction between genetic and environmental factors in the etiology of a disease, one may do so without employing control subjects. The basic set up for a case-only design is a 2-by-2 table (Table 5 ). The odds ratio calculated from a case-only design is related to the odds ratios for the exposure alone, the genotype alone, and their joint effects in the case-control design by the following formula:
where OR ca is the case-only odds ratio, and OR co is the odds ratio among control subjects relating the exposure and the susceptibility genotype. Assuming independence between the genotype and the exposure in the population, the expected value of OR co becomes unity, and the odds ratio obtained from a case-only study measures the departure from the multiplicative joint effect of the genotype and the exposure. Under the null hypothesis, OR ca = 1; OR ca > 1 if the joint effect is more than multiplicative; and OR ca < 1 if the joint effect is less than multiplicative (e.g., additive) (34) . Confidence intervals of case-only odds ratio can be obtained by using standard crude analyses or logistic models that control for the effects of other covariates. case-control study. Both odds ratios suggest a significant interaction between TGFA polymorphism and maternal smoking in the risk for cleft palate among the offspring. Study has shown that the case-only design requires fewer case subjects than case-control design to detect gene-environment interaction (66) .
In applying the case-only design to test gene-environment interaction, investigators assume independence of the distribution of exposure and genotype in the population. This assumption may seem reasonable for a wide variety of genes and exposures, but there are some genes whose presence may be associated with a higher or lower likelihood of the exposure on the basis of some biologic mechanisms (34) . The gene-environment interaction (OR ca ) derived from a case-only design assumes a departure from multiplicative effects. Studies have shown that many biologically plausible modes of gene-environment interaction involve a departure from multiplicative effects (35) . If the true underlying model of joint effect is additive, the odds ratio of interaction (OR ca ) derived from a case-only design is questionable.
B. Case-parental control studies
The case-parental design may be an effective method of dealing with the effects of confounding by population stratification (69) (70) (71) . In addition, when disease alleles are common and have modest effects, an association study may provide a more sensitive test for linkage between genetic markers and disease susceptibility genes than the classical linkage analysis (41) . Several methods (72-77) combine the advantages of linkage and population association analyses and also take into account the effect of confounding. All these methods consider the alleles found in the parents of an affected offspring and compare transmitted and untransmitted alleles of parents to the affected offspring (transmission/disequilibrium test). Investigators using these methods can compare the genotype of the affected offspring with the genotype of a fictitious control subject carrying the nontransmitted alleles from each parent. The 2-by-2 table used in such a comparison is shown in Table 7 . Odds ratios can be calculated in an analysis following that of a matched-pair design (34) . To test gene-environment interaction, investigators can stratify case subjects according to their environmental exposure status (presence or absence) and can use the difference of odds ratios derived with and without the environmental exposure as an indication of departure from multiplicative interaction (34).
One limitation of this method could be that the Acontrol@ group may not be representative of the underlying population at risk, especially when certain parental genotypes associated with disease status may interfere with reproduction. In other study (78) , investigators proposed using a noniterative method, which compares risk among those with a specific genotype with the risk among those with a comparison genotype. To study gene-environment interaction, investigators can stratify on the environmental factor to obtain stratum-specific estimates of the diseasegene association, and the difference in the stratum-specific estimates reflect gene-environment interaction (78) .
The need for the parents of the case subjects to be genotyped is another limitation of case-parental approach.
The parental marker data may not be available for some case subjects, especi ally in studies of the genetic etiology of diseases with older age at onset. In other studies, investigators developed a method using marker information on all members of a nuclear family to infer the probability distribution of missing parental marker data (79).
C. Affected relative-pair studies
The third type of nontraditional epidemiologic method that can be used to test gene-environment interaction is the affected sib-pair or affected relative-pair method (80) (81) (82) (83) (84) . In sib-pair analysis, investigators determine whether each sib-pair shares 0, 1, or 2 alleles identical by descent (IBD) at a locus of interest. Under random segregation, the expected distribution of sharing 0, 1, or 2 alleles is 25%-50%-25% between two siblings IBD. Departure from this distribution suggests linkage between the disease and the marker locus (84) .
In contrast to the case-only and case-parental approaches, the sib-pair method is primarily used to test for genetic linkage when the genetic model underlying the disease is not known, especi ally for the diseases involving complex traits (1). The sib-pair methods can be incorporated into family-based epidemiologic studies (cohort and case-control designs): such incorporation allows investigators to control for suspected nongenetic risk factors and to test for gene-environment interaction in searching for genetic linkage (85) (86) . To look for gene-environment interaction using this method, investigators can stratify the affected individuals by their exposure status or incorporate the gene-environment interaction term in a multivariate analysis. For example, they can use logistic regression when testing for genetic linkage (86) (87) . The basic set-up for analyzing gene-environment interaction through sib-pair analysis is shown in Table 8 . The difference of odds ratios for diseases between exposed and unexposed individuals are taken as an indication of gene-environment interaction.
The sib-pair method requires families with at least one affected member in addition to the proband. This requirement restricts the number of families for which this analytic method can be used. Because the affected relativepair approach assumes Mendelian transmissions for expected distributions, any departure from independent segregation and random assortment could affect the results. Finally, selection factors, including survival, chronicity, and method of case ascertainment, may substantially affect the types of case subjects that could be available for this analysis (78, 86) .
D. Twin studies in gene-environment interaction
The premise behind twin studies is that, because monozygotic twins (MZ) have 100% of their genes in common whereas dizygotic twins (DZ) have only 50% of their genes in common, an excess disease concordance among MZ twins may reflect a greater role of genetic factors. Several investigators have extended the classical twin study to test for gene-environment interaction (25, (88) (89) In another study, investigators used a case-control design to calculate the odds ratios for disease among affected vs unaffected cotwins and compared these odds ratios among the various strata defined by exposure in the index twin.
Gene-environment interaction is indicated by the difference in odds ratios by stratified environmental exposures (89) .
Recently, other investigators extended the twin study method by including the half-siblings in a study of genetic and environmental factors in the etiology of disease (90) . Given the possible confounding by shared environmental factors (intrauterine and postnatal) and selection factors, the effects of gene-environment interaction obtained from twin studies should be interpreted with caution (1).
V. Some recent Developments
A. Linkage vs association studies
Recently, investigators argued that traditional linkage analysis has limited power to detect genes with modest effects, and suggested that association studies (Case-parental and affected sib-pair studies described in this review are forms of association studies) have more statistical power to detect genes of modest effect (41, 91) . The key limitation for association study is that the actual gene or genes involved in the disease must be tentatively identified before the analysis can be carried out (41) . However, with the rapid development of Human Genome Project and identification of major variants of human genes, association studies may become important methods of the future genetic analysis of complex traits and gene-environment interaction.
B. Population-based family study design
Recently, some investigators proposed using a multi-stage population-based family study design , which combines features of familial genetic studies (linkage and segregation) and population-based association studies. The case-control family study design is the most important part of the proposed population-based family design. The investigators suggested that gene-environment interaction in disease etiology can be incorporated in this study design (92) .
C. Variance component approach
The variance component approach has been used mainly in the analysis of familial aggregation for quantitative traits (93) (94) . Recently, investigators have extended the variance component approach to the analysis of dichotomous traits (95) and to a study of the gene-gene (epistasis) interaction in linkage analysis (96) . Others have discussed extending this approach to include gene-environment interaction in linkage analysis for both quantitative and qualitative traits (97) .
VI Conclusion
In this paper we attempted to provide an overview of both traditional and non-traditional epidemiologic approaches to studying gene-environment interaction. There is little doubt that studies of complex traits in human will assume a central place in the future genetic analysis of common human diseases (40) . It is believed that human common diseases are more likely to involve multiple genes with modest effects and gene-environment interaction (37, 40) . The modest effects of these genes may indicate that a larger proportion of the disease in the population may be attributed to these genes.
With advances in genetic technology and the work of the Human Genome Project, methods of studying geneenvironment interaction will continue to evolve, and the concept of gene-environment interaction will become a central theme in epidemiologic studies that assess causes of human disease in populations.
Cohort Study
Case-control study (42) . Odds ratio based on a case-only study is 5.1 (95% CI 1.5-18.5)(36 * 13)/(13 * 7). 
